Early visual processing in rats is mediated by several pre-cortical pathways as well as multiple retinal ganglion cell types that vary in response characteristics. Discrete processing is thereby optimized for select ranges of stimulus parameters. In order to explore variation in response characteristics at a perceptual level, visual detection in rats was measured across a range of contrasts, spatial frequencies, and durations. Rats responded to the onset of Gabor patches. Onset time occurred after a random delay, and reaction time (RT) frequency distribution served to index target visibility. It was found that lower spatial frequency produced shorter RTs, as well as increased RT equivalent of contrast gain. Brief stimulus presentation reduced target visibility, slowed RTs, and reduced contrast gain at higher spatial frequencies. However, brief stimuli shortened RTs at low contrasts and low spatial frequencies, suggesting transient stimuli are more efficiently processed under these conditions. Collectively, perceptual characteristics appear to reflect distinctions in neural responses at early stages of processing. The RT characteristics found here may thereby reflect the contribution of multiple channels, and suggest a progressive shift in relative involvement across parameter levels.
Introduction
Reaction time (RT) to stimulus onset includes the processing of basic stimulus components. The time scale of stimulus processing reflects physiological properties of neurons, such as stimulus sensitivity, response time, and conduction velocity. Change in RT characteristics across levels of stimulus parameters may therefore be used to explore mechanisms mediating early stimulus processing.
In humans, RT differences across contrast, spatial frequency, and stimulus duration correspond to response properties of primate pre-cortical channels. Low spatial frequency, low contrast, transient stimuli, which are associated with magnocellular processing, are distinguished from higher spatial frequency, higher contrast, sustained stimuli, for which parvocellular processing plays an increasing role. Examining RT across spatial frequency in humans, Felipe, Buades, and Artigas (1993) found that RT operates differently near contrast threshold than at higher contrasts. Results suggest a transformation between two mechanisms, one for transient, low spatial frequency stimuli, and another for sustained, higher spatial frequency stimuli. Consistent with this distinction, the use of shorter-duration, more transient stimuli, had little effect on RT at low spatial frequency, but increased RT with higher spatial frequency, low contrast stimuli (Murray & Plainis, 2003) .
In addition, RT characteristics across contrast parallel gain properties in early visual processing. Murray and Plainis and Murray (2000) , Murray and Plainis (2003) and Plainis and Murray (2000) derived a RT equivalent of contrast gain, in terms of change in RT across the reciprocal of contrast. At low spatial frequency, the reciprocal contrast function possessed shallow slopes (reflect high contrast gain, as seen with magnocellular processing), whereas slopes were steeper at higher spatial frequencies (reflecting lower gain, as seen with parvocellular processing). Across contrast, a discontinuity existed in the reciprocal contrast function, which is consistent with the operation of two mechanisms, one for low contrast, high gain, and another for higher contrast, lower gain.
Whereas RT across stimulus parameters in humans is consistent with properties of pre-cortical channels in primates, less is known about the functional capacities of early visual processing in rats. Rats possess multiple retinal ganglion cell types, as well as several pre-cortical pathways that relay through superior colliculus and thalamic nuclei. Stimulus components conveyed by each pathway, and their association with perceptual capacities, are less understood. Several types of retinal ganglion cells are described in rats, distinguished by morphological as well as electrophysiological properties, including conduction velocity (Hale & Sefton, 1978) . Some comparisons may be drawn between rat retinal ganglion subtypes and cat X-, Y-, and W-cell properties, although significant differences exist between species (Heine & Passaglia, 2011; Sefton & Dreher, 1985) . In rats, retinal ganglion cells include large axon, fast conducting Class I cells (Ni & Dreher, 1981; Perry, 1979) , which share some properties with cat Y-cells. A second category is medium size Class IIa cells (Ni & Dreher, 1981) . A third group is comprised of thin and medium size axon Type IIb, IIIa, and IIIb cells (Ni & Dreher, 1981) , which share some characteristics with W-cells. Recording from optic chiasm and optic tract, Heine and Passaglia (2011) examined receptive field properties of rat retinal ganglion cells. In addition to a small percentage of cells with slower response rates and larger receptive fields, response properties distinguished cells with fast response rates that possessed either non-linear (Y-like) or linear (X-like) spatial summation, although unlike Y-and X-cell distinction in cats, both cell types had similar receptive field sizes.
In rats, retinal ganglion cells project along several pathways, including those to (1) superior colliculus, (2) ventral lateral geniculate nucleus of the thalamus (vLGN), and (3) dorsal lateral geniculate nucleus (dLGN). The pathway to superior colliculus continues on to the lateral posterior nucleus of the thalamus (LPN), then to extrastriate and other cortical areas (Dean, 1981; Hughes, 1977) . The vLGN pathways play a role in oculomotor control (Brauer & Schober, 1982) , pupillary reflex (Young & Lund, 1998) and circadian rhythm (Harrington, 1997) . A third visual pathway passes to dLGN, then on to primary visual cortex (Dean, 1981; Hale & Sefton, 1978; Ribak & Peters, 1975; Zarrinpar and Callaway, 2006) . Retinal ganglion cells examined at the level of dLGN mainly display Y-and W-cell characteristics (Fukuda et al., 1979; Hale, Sefton, & Dreher, 1979; Lennie & Perry, 1981) , and include cells with both non-linear and linear spatial summation (Lennie & Perry, 1981) .
In sum, primates possess multiple pre-cortical channels that correspond to different ranges of temporal/spatial parameters. Further, this distinction is reflected by RT characteristics across parameter levels. For rodents, multiple processing systems are found at the level of retinal ganglion cells, as well as with precortical and cortical pathways. The question addressed in the current study is whether RT to stimulus onset in rats also reflects a multi-channel system.
Animal psychophysics employs behavior as indirect measure of perceptual capacities. For rodents, operant responses on visual discrimination tasks have been used to determine perceptual thresholds. In measuring detection thresholds in mice, Busse et al. (2011) employed conditions that minimized choice bias and other nonperceptual strategies that may affect measurements. Stimuli appeared at one of two possible locations, and mice nose-poked a choice port associated with the location of the stimulus. Contrast sensitivity was determined across spatial frequency, and found to be similar to that found in rats. Histed, Carvalho, and Maunsell (2012) monitored lever press responses to a visual change detection task in head-fixed mice. It was found that contrast thresholds in mice were similar to those found in humans for eccentric viewing, where sampling density corresponds to that of mouse retina. Behavioral measurements of contrast sensitivity in rats have identified a sensitivity range of approximately 0.04-0.8 cycles/deg, with peak sensitivity at approximately 0.11 cycles/deg (Birch & Jacobs, 1979; Keller et al., 2000; Legg, 1984; Meier, Flister, & Reinagel, 2011) . Contrast thresholds have been based upon behavioral responses, such as identifying the presence of sinusoidal gratings from multiple choice locations (Keller et al., 2000) , or by indicating whether or not a grating had been presented (Meier, Flister, & Reinagel, 2011) . These previous measurements have characterized the contrast response function in rats, and provide measures of relative sensitivity for the spatial frequencies used here.
The present study expands behavioral measurements in rats by examining visual detection across not only spatial frequency and contrast, but also stimulus duration. It was hypothesized that distinctions in early visual pathways in rats will be reflected by variation in RT across stimulus parameters. Specifically, it was predicted that low spatial frequency stimuli will produce faster RT and higher RT equivalent contrast gain, compared with higher spatial frequency. In addition, if higher spatial frequencies are processed by a slower responding system, then shortening stimulus duration should produce a disproportionate effect with higher spatial frequency, lower contrast stimuli. To test these predictions, RT measurements were examined in rats trained to respond to the onset of Gabor patches, which varied in contrast, spatial frequency, and duration.
Methods
Subjects: Five Long-Evans hooded rats served as subjects. Animals were water restricted and received water as reward during sessions, as well as ad lib for 1 h following sessions. Sessions occurred on four or five days each week, and animals were allowed water ad lib on remaining days. This study was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and approved by the Institutional Animal Care and Use Committee of Brooklyn College.
Apparatus: Behavioral measurements were made in an operant conditioning chamber ( Fig. 1 ) in which a metal funnel extended 3 cm outside the front panel. Rats viewed stimuli through holes in the funnel positioned over each eye. Placement of the rat's head completely within the funnel was monitored with an infrared light beam positioned at the tip of the funnel. Stimuli were presented on a computer monitor (Trinitron CPD 4401) controlled by a graphics adaptor (NVidia GeForce FX5200) set to 1280 Â 1024 pixel resolution and 60 Hz. Stimulus generation and data collection were controlled by customized computer software (Bukhari and Kurylo, 2008) .
Stimulus conditions: Rats viewed stimuli at a distance of 24 cm and elevated by 10°. Stimuli consisted of Gabor patches on a gray background (22.3 cd/m 2 ). Luminance levels were linearized across a range of 2.9-42.2 cd/m 2 . Measurements were made at three separate spatial frequencies: 0.21 cpd, which corresponds to near peak sensitivity for LongEvans rats, and 0.40 and 0.46 cpd, which correspond to the highfrequency limb of the rat CSF (Birch & Jacobs, 1979; Legg, 1984) . Stimuli subtended a visual angle of 14.0°, in which approximately 2.5, 5.5, and 6.5 cycles were visible for the 0.21, 0.40, and 0.46 cpd stimuli, respectively.
In each session, five sequential contrasts levels were selected from Michelson contrasts of . 16, .22, .28, .36, .52, .71, and .88 . For higher spatial frequencies, higher ranges of contrasts were used. In addition, each session contained a no-stimulus condition. Contrast levels were presented in random order, with approximately 170 trials per session.
For all combinations of spatial frequency and contrast, measurements were made for stimulus durations of 33 and 1050 ms. Stimulus duration was linked to the monitor's vertical synchronization signal. Reaction time distributions were based upon approximately 90 trials, collected across multiple sessions. Measurements were made with a fully within-subjects design, in which each rat received all levels of contrast, spatial frequency, and duration.
General procedure: Using a free-operant procedure, rats initiated trials by placing their head into the funnel. Following a randomly generated delay lasting between 500 and 1500 ms, a stimulus appeared on the monitor. The probability of the random delay was uniform over time. Rats were trained to remain stationary within the funnel until stimulus onset, to which they responded by withdrawing their head from the funnel. After withdrawing their head from the central funnel, rats moved to a reward port positioned next to the funnel, where they received water as reward. Rats received measured amounts of water (approximately 0.04 ml) by means of a solenoid-drive value. RT was recorded from stimulus onset to head withdrawal from the funnel. Responses between 50 and 600 ms from stimulus onset were used for analysis, which corresponds to the range of RT used for human and rodent (Histed, Carvalho, & Maunsell, 2012) studies. As such, frequency distributions of responded clustered at approximately 212 ms, and typically fewer than 5% of responses occurred beyond 600 ms.
For training sessions, in which stimuli were clearly visible, reward was delivered for responses made between 50 and 400 ms from stimulus onset (defined as correct responses). For training sessions in which performance reached or exceeded 90% correct, data collection occurred on the following day. Data was typically collected on two days per week, with training on alternate days. Rats who did not reach 90% correct responding across a training session were assigned to training on the following day.
For data collection sessions, responses made before stimuli were presented, of beyond 2000 ms from stimulus onset, no reward was given. Similarly, no reward was given for responses that occurred less than 50 ms from stimulus onset, since these RTs were too brief to reflect response to the stimulus. For data collection sessions, water reward was thereby delivered for all responses that occurred between 50 and 2000 ms from stimulus onset.
For data collection sessions, for trials on which no stimulus was presented, RT was based upon the randomly assigned delay time, determined in an identical manner as trials in which the stimulus was presented. For the no-stimulus trials, reward was delivered with the same constraints as on trials in which stimuli were present.
Response index: Frequency distributions of reaction times, timelocked to stimulus onset, were displayed as histograms. Before training, or on trials in which no stimulus was presented, RT frequency was approximately evenly distributed across the measurement period. Following training, frequency distributions distinctly clustered about a mean. Given the unpredictable onset time of stimuli, the clustering pattern verified behavioral control by the stimulus.
The clustering pattern in the RT frequency distributions was quantified as the incidence of occurrence above that found for no-stimulus trials. In order to determine this value, the distribution of response frequency (histogram bin height) across time was first determined for no-stimulus trials ( Fig. 2A) . The upper boundary of the distribution was set to 2 S.D. above the distribution mean. Reaction time distributions were then measured across contrast for each stimulus condition (Fig. 2B) . The percentage of responses above the nominal boundary served as the response index. Response indices ranged from approximately 25% for highcontrast stimuli, to 0% for low-contrast stimuli. In this regard, the response index reflects the visibility of the stimulus.
Results

RT frequency distribution
Response indices (response frequency above that found for the no-stimulus condition) systematically increased with increased contrast, closely fitting a sigmoidal function (Fig. 3A) . Examining performance separately for each level of contrast, duration effects did not occur at 0.21 or 0.40 cpd, whereas a trend existed for decreased performance with the 33 ms stimuli at 0.46 cpd, reaching significance at .28 and .53 contrast levels (Friedman Test, for both cases v 2 (1) = 4.0, p < .05). Contrast thresholds were derived from a response index of 5%, as extrapolated from the sigmoidal function. As expected, contrast thresholds elevated with increased spatial frequency (Fig. 3B) , differing significantly across spatial frequency for both the 1050 ms (v 2 (2) = 6.4, p < .05) and 33 ms stimuli (v 2 (2) = 10.0, p < .01). Contrast thresholds for the 1050 and 33 ms stimuli did not differ significantly at 0.21 and 0.40 cpd, whereas thresholds were 
Mean RT
Comparisons were then made of mean RT across levels of contrast and spatial frequency.
Contrast effects. For each combination of duration and spatial frequency tested, RT progressively decreased with increased contrast (Fig. 4A) . Examining each contrast separately, in all but one case, RT differed significantly across contrast (v 2 (2) range 8.0-9.0, p < .05), with the one exception being 1050 ms stimuli at 0.40 cpd (p = 0.11).
Spatial frequency effects. In most cases, RT increased with increased spatial frequency (comparing plots in Fig. 4A ). For 1050 ms stimuli, RT differences between 0.21 and 0.40 cpd approached (p = 0.08) or reached significance at lower contrasts, whereas RT differences did not occur between 0.40 and 0.46 cpd. For 33 ms stimuli, RT differences approached (p = 0.08) or reached significance in all but one case, with the one exception of 0.40 vs. 0.46 cpd at a contrast of .53.
Stimulus duration effects. Stimulus duration affected RT, but the direction of change depended on spatial frequency (Fig. 4A) . RT differences between stimulus durations are summarized in Fig. 3B , which shows duration effects across contrast for each spatial frequency. At 0.21 cpd, a trend existed in reduced RT for 33 ms stimuli, compared to 1050 ms stimuli, which reached significance at the highest contrast tested (v 2 (1) = 4.0, p < .05). Similarly, a trend existed for reduced RT for 33 ms stimuli at 0.40 cpd, which approached significance (p = 0.08) at the highest contrast. Conversely, 33 ms stimuli increased RT at 0.46 cpd, which reached significance at the lower contrast levels (v 2 (1) = 4.0, p < .05).
RT equivalent of contrast gain
RTs were re-plotted as a function of the reciprocal of contrast. A linear regression was then fit to the data (Fig. 4C) . The slope of the linear regression describes the RT equivalent of contrast gain (Murray & Plainis, 2003; , such that shallower slopes depict higher gain.
Spatial frequency effects. Greater contrast gain was found with lower spatial frequency. Specifically, at 0.21 cpd, responses showed shallower slopes (higher gain), whereas slopes became progressively steeper (lower gain) with increased spatial frequency. For 1050 ms stimuli, increase in slope across spatial frequency approached significance (v 2 (2) = 5.2, p = .07). For 33 ms stimuli, spatial frequency had a greater effect on slope, producing a significant increase in slope with increased spatial frequency (v 2 (2) = 8.4, p < .05). Stimulus duration effects. The reciprocal of the slope, plotted as a function of spatial frequency, is shown in Fig. 4D . Contrast gains were similar for the two stimulus durations. A trend existed towards lower gain with the 33 ms stimuli, although contrast gains did not differ significantly between stimulus duration.
Discussion
Behavioral response to stimulus onset was measured in rats in terms of RT frequency distribution, mean RT, and change in RT across contrast. RT measures varied systematically across luminance contrast, spatial frequency, and stimulus duration. In addition, brief stimulus duration produced less RT change at low spatial frequency, but increased RT for higher spatial frequency, low contrast stimuli. At a fixed contrast, mean RT increased with increased spatial frequency. In this regard, RT parallels the contrast sensitivity function, such that RT increases with decreased sensitivity.
Brief stimulus duration enhanced RT changes that accompanied increased spatial frequency, as seen by a greater increase in mean RT, as well as greater reduction in contrast gain. In addition, short duration stimuli decreased visibility at contrast threshold, as well as at supra-contrast levels, for higher spatial frequency. This effect did not occur at low spatial frequency.
An unexpected interaction was found with the reversed duration effect across spatial frequency. For higher spatial frequency, mean RT increased with short stimulus duration, whereas short stimulus duration reduced RT at low spatial frequency. As such, mediation of lower spatial frequency may better accommodate transient stimuli. Decreased RT for short stimulus duration at low spatial frequency may reflect an additional response to stimulus offset, although RT frequency distributions measured here were too broad to observe a bi-modal response associated with onset and offset of stimuli.
Collectively, these results may reflect distinctions in neural response characteristics at a perceptual level. Fast responding retinal ganglion cells with Y-cell like properties may be associated with faster RT, higher gain function, and shorter RT with brief stimulus duration, found here at low spatial frequency. RT may be related to either latency or temporal dynamics of the neural response. Although retinal ganglion cells with X-cell characteristics have not been clearly identified in rats, cell categories other than the Y-cell type may be associated with RT characteristics found here at higher spatial frequency. RT characteristics indicate that such cells are less able to accommodate shorter stimulus duration, particularly at low contrast. In addition, RT characteristics may reflect processing by either the superior colliculus -LPN or the dLGN pathways, each of which include cells with varied response properties. As such, RT characteristics found here may reflect the contribution of multiple channels. Within the range and resolution of stimulus parameters used here, no obvious discontinuity in RT characteristics was found, suggesting a progressive shift in relative involvement across parameter levels.
In primates, RT characteristics across spatial frequency and contrast are consistent with a multi-channel system, such that processing low spatial frequency, high temporal frequency is distinguished from high spatial frequency, sustained processing (Felipe, Buades, & Artigas, 1993; Murray & Plainis, 2003) . Results from RT measures in rats reported here similarly reflect a multichannel system, in which characteristics of RT differ across spatial frequency, contrast, and stimulus duration.
Previous studies have shown that RT in rats is associated with visual stimulus strength. Using a motion coherence task, Reinagel (2013a) showed that RT to discriminate motion direction decreased with increased strength of the motion signal (level of motion coherence). A similar relationship between stimulus strength and RT have been found for object recognition, either by varying the level of similarity to previously learned images (Reinagel, 2013b) , or the concordance of a stimulus prime and target (Tafazoli, Di Filippo, & Zoccolan, 2012) .
The association between stimulus strength and RT may reflect the level of confidence in processing stimuli, such that more ambiguous stimuli produce a hesitation in response. An alternative account for the dependence of RT on stimulus strength is that visual signals are integrated over time, accumulating sufficient information to generate a response to the stimulus (Kiani, Hanks, and Shadlen, 2008; Shadlen and Newsome, 2001 ). The integration model is consistent with behavioral results in rats performing a motion discrimination task. Accuracy of motion discrimination increased, and RT decreased, as stimulus duration increased from 25 to 250 ms (Reinagel, 2013a) . Physiological support for the accumulation-of-information is also reported for a decision task in monkeys. For the discrimination of motion direction, integration was evident in posterior parietal cortex neurons as a buildup of activity during the presentation of the stimulus, in which the dynamics varied with the level of stimulus strength (percent motion coherence) (Shadlen and Newsome, 2001) .
Results presented here provide mixed support for a confidence model or an accumulation-of-evidence model, and are more consistent with that of a dual pathway. At higher spatial frequency, to which rats are less sensitive, brief presentation lengthened RT. As such, the longer duration advantage is consistent with integration of the signal across time. However, at lower spatial frequency, stimuli were more detectable, and RT were shorter, for brief stimulus presentation, which allows less integration across time. In addition, lower gain was found for short duration stimuli, particularly at high spatial frequency. Lower gain reflects less sensitivity to change in contrast. It is unclear whether the brief presentation time, in which less information is accumulated, would reduce gain. In this regard, a dual pathway model, which distinguishes a high temporal, low spatial frequency channel, better reflects gain characteristics across the range of parameters tested here.
In addition to a simple detection task used here, higher-order perceptual functions in rats, including pattern discrimination (McDaniel & Nobel, 1984; Sanchez et al., 1997) , stimulus integration (Eacott, Machin, & Gaffan, 2001; Kurylo, 2008; Kurylo, Van Nest, & Knepper, 1997) , lateral interactions (Meier & Reinagel, 2013; Meier, Flister, & Reinagel, 2011) and scene categorization (Alemi-Neissi, Rosselli, & Zoccolan, 2013; Tafazoli, Di Filippo, & Zoccolan, 2012; Zoccolan et al., 2009) , reflect response characteristics across visual areas. Psychophysical measures in rats help determine the functional significance of neural properties, as well as identify distinctions between rodent and primate visual processing.
